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Abstract 
Piezoelectric Quartz Tuning Forks (QTFs) were used as a biofilm formation sensors. Modulated excitation technique allowed to 
measure the current generated by the QTF during the ringdown of the oscillations at conductive environments such as a liquid 
culture growth medium. New algorithm of the digital analysis of the ring-down signal was elaborated and used to determine the 
decay time constant of the vibrations and the damped vibration frequency. The dependence of these parameters on the time for 
QTF placed in liquid growth medium contained four strains of Pseudomonas aeruginosa was measured. It allowed to detect the 
biofilm formation at the QTF after few hours of incubation for all used strains (2 hours for PA01 strain). 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The bacterial biofilm represents the most prevalent type of microbial growth. The extracellular matrix in which 
biofilm cells are embedded cause the resistance to antibiotics or immune defense. There is a need for fast, preferably 
in-situ method which would allow to determine whether the biofilm formation was prevented or that already formed 
biofilm was eradicated by tested antibacterial substances [1,2]. 
The detection of in-situ biofilm formation using vibrating piezoelectric elements was already reported for Quartz 
Crystal Microbalance (QCM) as the viscoelastic properties of adhered bacteria change the mechanical properties of 
the resonator [3-5]. In this paper another type of resonator is used: the Quartz Tuning Forks (QTFs). Commercially 
available QTFs also may be used as a sensitive sensor of viscosity and density by measuring the damping and 
resonant frequency of the QTF [6,7] therefore it should be possible to detect the influence of viscous biofilm 
adhered to its surface. Common electrical methods cannot be used to determine the vibrations of the commercial 
QTF placed in conductive liquids. Special technique based on modulated excitation and measurement of the current 
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generated by vibrating QTF during the ringdown phase of the vibrations was elaborated [8] and its further 
development and application in detection of biofilm formation is presented in this paper. 
2. Materials and methods 
2.1. QTF oscillations ringdown measurement system 
Measurements of QTF oscillations ringdown were performed using computer controlled home-built system 
which utilized the measurement technique based on the modulated excitation of the QTF and measuring the short-
circuit current generated during the ringdown of the oscillations due to the direct piezoelectric effect. Its schematic 
diagram and photograph are shown in Figure 1. The details of this technique were already published [8] however it 
was developed further by digital processing of the output signal. System was able to measure up to 6 QTFs placed in 
the 6 wells of 24-well titrate plate, switched sequentially. 
(a) (b) 
  
Fig. 1. The schematic diagram (a) and photograph (b) of the QTF oscillation ringdown measurement system. 
The source of the modulated sinusoidal signal was the Agilent 33220 function generator which was buffered and 
fed to one of 6 QTFs by means of electronic switches. The current generated during the oscillations ringdown was 
measured using current-to-voltage converter and amplified 400 times. Effective conversion ratio of the system was 
kCVC = 0.4 V/nA. Output signal was sampled using Agilent U2531A 2MSa/s, 14 bit data acquisition module. The 
parameters of the excitation signal, channel switching and data acquisition was controlled using dedicated software 
at the personal computer. 
The digital acquisition allowed to lower the noise in the output signal by averaging the results of 128 consecutive 
oscillation ringdowns. Exemplary ringdown signal was presented in Figure 2. 
 
Fig. 2. Exemplary output signal from measurement system and its analysis. 
The output voltage signal V was converted into the displacement x of the QTF prongs using formula:  
ZD  CVCk
Vx    (1) 
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where ω is the radial frequency of the vibrations and α is the electromechanical coupling coefficient which was 
measured for the QTFs used in the experiments using SIOS SP-S 120 laser vibrometer as 16.8 μC/m. 
The parameters calculated from ringdown signal were: the initial amplitude of the oscillations, the time constant 
of oscillation decay and the oscillation frequency. First two were evaluated basing on the exponential decay fit to the 
difference between upper and lower envelope of sampled signal. It cancelled any possible offset or distortion caused 
by slow changing signals. To determine the frequency of the vibrations fr the raw output signal was divided by the 
value of the previously determined exponential decay to normalize the amplitude and then fitted using four 
parameter sine fit algorithm [9]. 
2.2. Biofilm culture preparation and incubation 
Two P. aeruginosa isolates: P. aeruginosa ATCC 27853 and P. aeruginosa ATCC 15692 (PAO1) purchased 
from the American Type Culture Collection (ATCC) were used as model strains of biofilm-forming organisms. 
Clinical strains CF 708 and CF 217 were isolated from patients with cystic fibrosis (COST action BM1003). 
Bacteria were stored in Trypticase Soy Broth (Becton Dickinson and Company, Cockeysville, MD, USA) 
supplemented with 20% glycerol at -70°C. 
Pseudomonas strains were cultured on MHA (Becton Dickinson and Company, Cockeysville, MD, USA) for 18-
24 h prior each experiment and subsequently suspended in physiological saline (PS) to an optical density equal to 
the McFarland No. 0,5 (approx. 108 cfu/ml). Bacterial suspensions were then diluted in 2,25 ml of MHB in 6 wells 
of 24-well titrate plate to obtain final density of 106 cfu/ml in each well. 
QTFs used in experiments were cleaned and dip-coated with insulating layer of polyester resin (PMR/F, Sigma 
Coatings) and baked for 6h in 150°C. They were sterilized with 96% ethyl alcohol, mounted in sockets in the lid of 
the titrate plate and incubated in bacterial culture at 37°C. 
3. Results 
The vibration ringdown parameters of QTF incubated in the reference (pure Muller-Hinton broth) and P. 
aeruginosa cultures were measured sequentially for each of the 6 channels during the experiment. Typical values of 
initial amplitude of vibrations, frequency and ringdown time constant were about 4 nm, 28500 Hz and 1 ms, 
respectively. There were discrepancies between values obtained for QTFs placed in the same environment therefore 
only the changes of fr relative to the value at the 1st hour of incubation and the tc normalized to the value at the 1st 
hour of incubation were presented. The experiments for each bacterial strain were repeated twice. Obtained values 
for each experiment were averaged in 15-minutes periods. The mean value and standard deviations of resonant 
frequency shift and the normalized time constant were presented in Figure 3a and 3b, respectively. 
 
Fig. 3. Mean (lines) and standard deviation (bands) of the QFT parameters during the incubation in pure MHB and in bacterial cultures: resonant 
frequency shift (a), normalized time constant (b) and the derivative of the resonant frequency (c). 
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Despite quite large standard deviation both resonant frequency and time constant rose monotonically and 
stabilized after 6 hours of incubation for the pure MHB. Rapid rise of these parameters at the beginning of the 
experiment may be explained by lowering the density and viscosity of the liquid growth medium caused by 
temperature changes. 
The culture growth of each bacterial strains caused the decrease of the normalized time constant after 12 hours of 
incubation for PA01 and ATCC 27853 and much slower for CF217 and CF708 strains. Result for the first two 
strains correlate with conclusions from experiments in which mass [10] and impedance spectroscopy methods [11] 
were used. The lowering of the time constant may be explained by the formation of viscous biofilm. 
The culture growth of each bacterial strains also caused rapid decrease of resonant frequency and time constant 
after few hours of incubation which extreme values were noted at 3h for PA01 and ATCC 27853, and around 5h for 
CF217 and CF708 strains. It may be clearly seen in the Figure 3c, where the derivative of the resonant frequency 
was presented. Only in the experiments where the bacteria were present the value of the resonant frequency 
derivative reached negative values. 
4. Conclusions 
Presented method allowed to measure the vibration ringdown of QTF placed in high damping environment. The 
digital processing of the ringdown signal allowed to determine the resonant frequency and the time constant of the 
vibration decay precisely with estimated resolution of single Hertz and 1%, respectively. 
QTFs were successfully used as in-situ sensors of biofilm formation. Observation of the resonant frequency of 
the QTF allowed to detect the presence of biofilm forming bacteria as soon as after about 2 hours of incubation for 
PA01 strain. Further investigation is necessary to explain the observed phenomenon. 
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